Recent studies have analyzed the high-fidelity surface electrocardiographic signal, and efforts have been made to increase the diagnostic sensitivity of the electrocardiogram by observing its high-frequency components. It was found that the high-frequency 
In the present study, a high-resolution finiteelement model of the heart's ventricles with a conduction system having a fractal geometry is constructed. Simulations of the depolarization process (QRS complex) of the ventricles in a normal and isehemic heart are obtained. This model is used as a bridge for understanding the high-frequency ECG phenomena. The simulated high-frequency components in the QRS complex showed morphological changes similar to the ones observed during ischemia in human and animal studies.
Methods
In the present study, the simulation of the electrical activity in the ventricles consists of three components: 1) the myocardium, 2) the conduction system in the ventricles, and 3) the torso as a volume conductor. Once the geometrical and functional parameters are established, the QRS is obtained by exciting a point at the beginning of the conduction system and calculating the resulting surface potentials. Figure 1 shows a three-dimensional representation of the model.
The Myocardium
The ventricular wall is made mostly of muscle cells. 28 The Conduction System The concept of using fractal geometry and the formalism of self-similar structures to describe physiological systems has been known for some time.30)-40 The His-Purkinje conduction system is an example of a physiological structure that can be described in such a manner.35-40 Scher and Spach28 described the intraventricular conduction system as a tree, with the impulses starting near the trunk, and Detweiler29 described the transitional fibers of the Purkinje system as gradually diminishing in size. The His-Purkinje conduction system can generally be described by a structure of repeatedly bifurcating "branches," decreasing in length with each bifurcation. We can further simplify this description by assuming that this bifurcating and decreasing process is the same at any generation; that is, the shortening factor and the angle of bifurcation are the same for each generation. Under these assumptions, the conduction system can be described as a fractal canopy, or "tree." Goldberger et a135 have shown how a fractal conduction system can contribute to an inverse power law in the spectrum of the signal generated by it when a pulse propagates along the branches. It is shown that the power spectrum [S(w)] can be represented as
where BA is a constant dependent on parameters characterizing the fractal system. The power spectrum of the electric signal propagating through the system should therefore be of the general form B/fP, and in fact, g is related to the averaged fractal dimension of this system. By extending the above analogy, certain elements in the model, labeled as belonging to the fibers of the conduction system, create elongated bifurcating branches. The conduction system is characterized by a conduction velocity higher than the conduction velocity in the muscle cells. The conduction system structure in the model is generated using a procedure that repeatedly bifurcates a branch, previously created, into new branches. With every such ramification, referred to as a new generation, the branches become shorter by a certain factor (ir). The length of the branches at consecutive generations satisfies the following ratio:
Lg+i/Lg=Lg+2/Lg+i= r (g=0,1,2....G) (4) where Lg is the length of the branches at a specific generation g and G is the final generation number. This means that the conduction system is composed of basic units of bifurcating fibers. Each unit is attached to a unit of the same shape but on different scale. The origin branch of the tree (the "trunk") contains 90 elements creating elongated fiber, and the length constant, r, was chosen to be 0.7. The number of generations is limited because the length of the branches at progressively higher stages of ramification becomes shorter, and the length of the final branches becomes the size of a fundamental building element. The angle between the splitting branches (700) is the same throughout the system. Thus, the geometry of the conduction system is controlled by only two parameters: the length factor and the angle. The conduction velocity along the branches decreases by a certain factor with every ramification, satisfying a relation similar to length ratio (Equation 4). The conduction velocity at the beginning of the conduction system is 2.7 m/sec, and it decreases to no less than 0.6 m/sec at the final generation (twice the conduction velocity of the muscle cells). The implementation of the conduction system in the ventricles requires modeling the interaction between conduction and muscle cells. It is assumed that resting muscle cells along the conductive cells can be excited by the conduction system and vice versa. The fact that the fiber cells can be excited by muscle cells permits a recovery of a damaged fiber. The conduction systems of the two ventricles are not interrelated. They are excited at the same time, but their geometry differs, and their function is independent. The physiological left conduction system ramifies more extensively than the right system28; therefore, the simulated left conductive tree contains an additional generation. The physiological left conduction system is roughly centered closer to the apex than the right conduction system28; thus, the root location of the simulated left tree is set at a site different from the right one. The major approximations in the model are that in each generation the conduction tree bifurcates into only two branches, the new branches are symmetrically directed to opposite directions, and the factors that determine the self-similar properties of the system (length, angle, and slowing of the propagation velocity) are specified deterministically without any distribution function.
The Torso as a Volume Conductor
When the dynamics of the QRS complex is considered, the behavior of each frequency component of the source potentials must be regarded separately. Fortunately, all field quantities arising from a given time-varying bioelectric source within the human torso are in synchrony. 41 This reflects the fact that the media surrounding the sources can be considered to be nondispersive in the relevant frequencies (<l kHz). The frequency-independent nature of the fields and the linearity of the media with respect to current and voltage permit a formulation of the forward problem as __Iv v2<t>=-- (5) where (D is the potential, I, is the source current density, and cr is the conductivity. Equation 5, subject to the boundary condition at the body surface, represents the basic quasi-static formulation of the electrical problem in the torso. = Deq * Cl (8) The lead vector method takes into consideration the location of the ventricles in the torso, but the orientation of the heart within the torso must be specified. In the model, the long axis of the left ventricle is pointing downward at 700 to the left from the sagittal plane (yz plane, see Figure 1 ) and forward at 450 to the frontal plane (xy plane).
The precordial lead potentials. When the ECG signal is measured in the vicinity of the heart, the equivalent vector representation does not hold, because the relative distances between elements are about the same as the distance between the electrode and the heart origin. Hence, the location and orientation of each element must be considered separately.41 If we assume the surrounding medium to be homogeneous and infinite, then the potential of the ith element, (1, at 
High-Frequency Components in the QRS Complex
Several previous studies24-27 from our laboratory were designed to determine the extent to which the morphology of the high-frequency (150-250-Hz) QRS potentials is affected by myocardial ischemia. When balloon inflation was used in human (during percutaneous transluminal coronary angioplasty) 24 and canine (during left anterior descending artery occlusion)25-27 models of ischemia, it was found that the high-frequency components appear to detect evidence of transient ischemia with greater sensitivity than visual inspection of the conventional ECG and may therefore provide useful information. Figure 6 ) in the filtered waveform 15 seconds after ischemia. It is of interest to note that these morphological changes seen early in ischemia are not accompanied by significant changes in the QRS complex or ST segment of the conventional ECG. Insight into the mechanisms responsible for the morphological changes seen in the surface highfrequency potentials can be obtained by simulating the electrical activity of the heart using the present model. Figure 7 shows the simulated ECG waveforms and the high-frequency components from leads V1, V5, and V6 under normal conditions. The highfrequency components are in the microvolt range, and no reduced amplitude zone can be seen.
An ischemic activation process was simulated by regional reduction in conduction velocity. The damaged region has characteristics that alter the depolar-
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._v+Wv ization process only in a minor way. Figure 8 shows a two-dimensional representation of the model with damaged tissue in the left ventricle. The damaged area extends over < 10% of the left ventricular surface area. Simulations under different conditions in the damaged area were carried out, and the waveforms obtained were examined for the appearance of morphological changes in the high-frequency components. Figure 9 shows the simulated ECG waveforms obtained with reduced conduction velocity only in the conduction fibers in the damaged region. No significant changes in morphology and duration were seen in the conventional ECG waveforms compared with the normal activation process. The most significant reduced amplitude zone (arrows in Figure 9 ) can be seen in the high-frequency QRS potentials of lead V6, which is the closest to the damaged region. No reduced amplitude zone can be seen in lead V1. Similar results were obtained with ischemia in the muscle cells only ( Figure  10 ) and with ischemia in both the conduction fibers and muscle cells (Figure 11 ). The frequency content of the QRS complex and the self-similar conduction system may be related to the fragmentation of the activation wave front. As the length of the branches shortens, with increasing generation number, the fragmentation of the wave front increases the contribution of the highfrequency components to the simulated QRS complex generated. Spectral analysis of the simulated waveforms shows an enhancement in the high-frequency components as generations are added to the conduction system.
Late potentials are related to a regional delay of the depolarization process at the border zone of old myocardial infarction.12-20 The model described is used to simulate late potentials by a regional reduction of the excitation propagation velocity. The conduction disturbance creates in the terminal portion of the simulated QRS complex low-level signals. The duration and amplitude of these late ventricular activities depend on the size and location of the damaged region as well as the conduction velocity in this area.
It was found in experimental studies that transient ischemia resulted in attenuation of the high-frequency component in the QRS, manifested by morphological changes as the appearance of a reducedamplitude zone.24-27 Acute ischemia in myocardial cells leads to a decline in maximum diastolic potential and in the maximum upstroke velocity of phase 0 of the action potential, accompanied by slowing of conduction velocity. 43 The action potential used in this model is a square-wave representation, and the changes in phase 0 during the ischemic process were simulated through regional reduction in conduction shift high-frequency activity in the QRS complex to lower frequencies, slow conduction in the ventricular wall may explain the attenuation in the high-frequency components. This attenuation can be seen when ischemia is simulated in muscle cells or in the conduction system, since the fragmentation of the wave front can be altered by damaging the conduction fibers or the muscle cells. Slow conduction velocity in the fibers may be regarded as decreasing the number of terminal branches in the ischemic region, resulting in lower fragmentation of the activation wave front.
The simulated results from the model in normal and ischemic hearts show that the unfiltered waveforms are not significantly changed in morphology and duration. Morphological changes, such as reduced amplitude zone, can be seen in the highfrequency QRS complexes (150-250 Hz) during isch- The model can give an insight into the dynamics of the ventricular activation process. The signals obtained contain a broad frequency band and are promisingly adequate for meeting the challenges imposed by the requirements of high-frequency methods applied in clinical cardiology. The conduction tree in our model synchronizes the activation process, and the high-generation short-length branches in the system were found to have an important role in the creation of high-frequency components of the QRS complex. The conduction system originates at the atrioventricular node with a single bundle and terminates at the myocardium, with numerous extremely fine fibers,28,29 and it can gener-VI FIGURE 11. Simulated QRS complexes from leads V,, V5, and V6 obtained from the model with ischemia in muscle cells and conduction fibers. The most prominent reduced amplitude zone (arrow) can be seen in lead V6. No significant changes in morphology and duration were found in the nonfiltered QRS complexes compared with activation under normal condition ( Figure 6 ). ally be simplified as a fractal canopy, or tree. It seems that fractal modeling can be the basis for study of the conductive fiber system; however, it must be stated that similar results of an inverse power law may be obtained from models with different conduction systems without having the self-similar property. Further study is being performed in our laboratory to acquire knowledge about the causes and characteristics of cardiac disorders such as reentry cycles, ventricular tachycardia, and ventricular fibrillation.
